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Introduction: A framework is developed to link major soil functions to ecosystem services assessment. Provisioning
soil functions—with primary linkages to ecosystem services—are evaluated on a continental scale in Europe.
Methods: We defined major provisioning soil functions combining the approaches proposed by the Millennium
Ecosystem Assessment and the Thematic Strategy for Soil Protection of the European Union. Soil productivity was
evaluated by three main land use types (cropland, grassland, forest) using a validated expert model called SoilProd.
Models include soil, climate and topographic criteria. Raw material provision capacity of soils was assessed on the
basis of (i) organic carbon content and (ii) availability of soil materials for construction.
Results: A coherent system of soil function-based ecosystem services was compiled, taking into account major soil
functions. We also produced new data on soil-based provisioning ecosystem services, including productivity and
raw material availability. The attempts to cover the main human activities requiring materials of soil origin and
to map the locations where those materials are available on a continental scale provide new insight to this field
of research.
Conclusions: Soil-based ecosystem services can be assessed by the evaluation of soil functions which play a role in
the production of these services. Quantitative analysis and comparison of the spatial distribution of the investigated
soil functions were performed.
While crop productivity showed a general trend to increase in a northward and westward direction, local soil
quality in most regions—except in the Mediterranean—can compensate for climatic handicaps to a great extent.
Comparison of areas with potential for providing ecosystem services by individual soil functions highlights the
complexity of decision-making for resource utilization but also the possibilities for optimization and more conscious
management.
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Soil plays a crucial role in terrestrial ecosystems and in
maintaining life on Earth. Its functions which support eco-
system services to humans are manifold and complex.
This paper proposes a framework for the evaluation of
soil functions that play a role in ecosystem services on a
continental scale across Europe and offers an account of
the repertoire of major soil functions and functional
capacities of soils. Soil functions and associated services
are discussed in the context of the European Union’s* Correspondence: gergely.toth@jrc.ec.europa.eu
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in any medium, provided the original work is pThematic Strategy for Soil Protection and are related to
the concepts of the Millennium Ecosystem Assessment.
The attempt to characterize soil functions and ecosys-
tem services for the terrestrial area of the EU in a
spatially explicit manner is based on new data on provi-
sioning soil ecosystem services, including productivity
and raw material availability. Quantitative comparisons
between major climatic zones of Europe were made with
regards to the capacity of the soil to carry out provision-
ing functions.
Comparing the potential of individual soil functions
across the EU highlights the complexity of decision-
making dilemmas for resources utilization but alsoOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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and conscious management.
Soil plays a fundamental role in terrestrial ecosystems
as a three-dimensional body that performs a wide range
of ecological functions as a part of the services provided
by ecosystems (Hannam and Boer 2004). The multitude
of complex interactions which occur within the soil, in-
cluding between biotic and abiotic compartments, gives
rise to numerous soil functions (Blum 2005) which sup-
port ecosystem services, often viewed in terms of the
services they provide to humans (De Groot et al. 2002;
Fisher et al. 2009, Peccol and Movia 2012).
Soil functions are general or specific capabilities of soil
to support various agricultural, environmental, land-
scape, and urban applications. Specific soil functions are
manifold and may be grouped according to the Thematic
Strategy for Soil Protection of the European Union
(TSSPEU; CEC 2006) as (1) biomass production, (2)
storing, filtering, and transforming nutrients and water,
(3) hosting the biodiversity pool, (4) acting as a platform
for most human activities, (5) providing raw materials,
(6) acting as a carbon pool, and (7) storing geological
and archaeological heritage. The focus of our current as-
sessment has been on these seven major soil functions,
which reflects our current scientific and policy perspec-
tives towards Europe’s soil resources (CEC 2006). Al-
though the criticism may be valid that a scientific
evaluation of soil functions as defined by a policy docu-
ment is biased by current policy-driven perception, rather
than being based purely on theoretical grounds (with pos-
sible windows towards applicability), it is generally ac-
cepted (FAO 1976) that, in addition to studying soils’
natural phenomena, soil resources should also be evalu-
ated from socioeconomic viewpoints. This viewpoint is
also an aim of the Millennium Ecosystem Assessment
(MEA; Reid et al. 2005), the first comprehensive attempt
to characterize the complex interactions between the
various functions of ecosystems from the viewpoint of
their services to humans. Therefore, a soil assessment de-
rived from the recommendations of the TSSPEU and
within the framework of soil functions is well justified for
continental-scale applications in Europe.
A number of other classification and evaluation schemes
for ecosystem services have emerged in recent years
(Robinson et al. 2013), including the TEEB Assessment
(2010; The Economics of Ecosystems and Biodiversity),
which proposed a modification of the MEA scheme. Rec-
ommendations to link soil functions and ecosystem
services have also been developed for local- to national-
scale uses (Haygarth and Ritz 2009).
This paper aims to provide a framework to link major
soil functions to ecosystem services assessment for
continental-scale applications based on the concepts of
the MEA and the TSSPEU. A further aim of the currentpaper is to provide an assessment of soil functions for
provisioning services.
Methods
Concept of the assessment
The capacity of soil to perform any of the seven identified
functions and to support their associated ecosystem ser-
vices depends on its physical, biological, and chemical attri-
butes (i.e., “internal” characteristics), while the realization
of the performance is conditioned by natural (e.g., slope
steepness) and/or anthropogenic factors (“external” con-
trols). In order to provide quantitative figures on the levels
of soil functions which are valid in the spatial context of
the diverse biophysical regions of the European Union,
evaluation of soil functions has to be extended and com-
bined with landform and climatic information. As soil
quality—the capacity of soil to perform its functions—is a
time-dependent dynamic phenomenon (Karlen et al. 2001;
Larson and Pierce 1991), detecting temporal changes in
soil functioning capacities is only possible if soil attributes
are monitored. Since a comprehensive soil monitoring net-
work and derived spatial database are lacking in Europe,
the ambition to provide dynamic information on soil func-
tions is unrealistic. However, characterizing soil function-
ing capacities on the basis of existing databases and
matching this information with available land use and cli-
mate data were deemed feasible.
Most soil functions are interdependent; one function
is not performed in isolation from another. Yet individ-
ual soil functions can be characterized by their primary
linkages to ecosystem services and thus to services they
provide to society, as is necessary for ecosystem services
evaluation. Table 1 provides a framework proposed for
continental-scale assessments. In the MEA, the process
of soil formation, along with nutrient cycling and photo-
synthesis, was classified as an essential supporting service
that facilitated other ecosystem services (i.e., provisioning,
regulating, and cultural). As this study is concerned
with soil functions, rather than underlying soil pro-
cesses, a scheme modified from the MEA has been
adopted, where soil functions are linked to ecosystem
services through specific direct and indirect services
provided by them.
Soil functions that play a direct role in provisioning
ecosystem services
Soil functions include material outputs from soil, which
can be organic or inorganic in nature. Organic materials
include living aboveground biomass and subsurface or-
ganic matter. Inorganic materials include all forms of
mineral compounds in the soil.
Biomass production and raw material provision are
the two soil functions with material end products which
are directly used by humans. However, it needs to be
Table 1 Soil functions that play a role in ecosystem services either directly, through their primary benefits to humans,
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of soil, while the provision of raw material in most cases
is destructive for the soil body. This distinction needs to
be considered when planning for sustainable soil use.
To evaluate the performance of the biomass production
function, traditional biophysical land evaluation methods
can be used. For the evaluation of the raw materialprovision functions, the definition of the criteria for soil-
originated raw material needs to be established. Firstly, it is
important to set distinct criteria for soil and non-soil mate-
rials. Most mineral raw materials used by humans are of
geological origin and are generally excavated by mining op-
erations. Although soil parent material is usually consid-
ered as part of the pedon (e.g., soil taxonomy), in the raw
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parent material are considered. This designation also cor-
responds to the soil characterization provided by the TSSP,
according to which “soil is generally defined as the top
layer of the Earth’s crust, formed by mineral particles, or-
ganic matter, water, air and living organisms” (CEC 2006).
Based on the above considerations, the biomass pro-
duction function and raw material availability in the soil
layers above the parent material were assessed during
the evaluation of provisioning soil ecosystem services.
Biomass production of a given soil depends on the
geographic location (climatic, hydrological, and terrain
conditions), the land use type, land management, and
the vegetation under consideration. In a continental-
scale assessment, a land use–specific evaluation should
be performed for the main biomass-producing land use
types, namely cropland, grassland, and forest.
For continental-scale evaluations of raw materials in
soils we must limit ourselves to the issues apparent over
larger areas. While acknowledging the significance of lo-
cally important soil characteristics (such as high quality
kaolinite for ceramics; bentonite for metal casting, well
drilling, or food additives; clay for various applications),
this study has focused on two applications: (1) organic soil
(for horticultural and other applications) and (2) soil mate-
rials in construction. These two fields of applications in-
volve by far the largest amounts of excavated soils in
Europe. It is worth noting that a regional or local soil qual-
ity assessment might consider other elements (and with
different weights). It is also worthwhile to mention that
the growing demand for the services provided by the gen-
etic pool of soil biota (e.g., from pharmaceutical industry)
might lead to extraction of some soil material locally.
However, the magnitudes of these kinds of extractions in-
volve minor areas on the local scale and are not significant
on a regional scale, and as such do not significantly affect
the capacity of soil to provide other ecosystem services.
Attention should be called to the major difference be-
tween renewable biomass production and destructive
use of soil substances. Authors strongly stress the need




The European Soil Database (ESDB; EC 2003) was used
as the soil information source in this study. Specifically,
the Soil Geographical Database of Eurasia (SGDBE) and
the PedoTransfer Rules Database (PTRDB) components
of the ESDB were utilized.
The SGDBE, at scale 1:1,000,000, and the PTRDB are
parts of the European Soil Information System (Panagos
2006; van Liedekerke et al. 2004). The SGDBE consists
of both a geometric dataset and a semantic dataset (setof attribute files) which link attribute values to the poly-
gons of the geometrical dataset. The database contains a
list of soil typological units (STU). Besides the higher
level soil taxonomic classification units represented by a
soil name, these units are described by variables (attri-
butes) specifying the nature and properties of the soils,
for example, texture, water regime, or stoniness. As the
original taxonomic information of the SGDBE is based
on the 1990 FAO-UNESCO Soil Revised Legend (FAO
1990), these names and associated information content
are used in the current exercise.
The PTRDB consists of a set of rules to derive new at-
tributes with input attributes of the SGDBE (EC 2003).
Pedotransfer rules related to water availability were ap-
plied in this study.
Land use data
The land use data of the SGDBE were exploited during
the biomass productivity evaluation. The SGDBE holds
information on dominant and secondary land use types
of each component STU of the soil map polygons. For
cropland productivity evaluation, only those STUs were
considered which had cultivated land as primary or sec-
ondary land use type in the SGDBE.
The GLOBCOVER dataset developed by the European
Space Agency (Bicheron et al. 2006) was used to restrict
the study area separately for the main land cover classes
during the validation process.
The CORINE (CO-oRdination of INformation on the
Environment; JRC-EEA 2005) land cover database for
the year 2000 was used to select the extent of different
land use types (cropland, grassland, forest land) to present
the results.
Climate data
Europe has diverse climatic conditions, represented by
climatic zones and areas (FAO 1990; Köppen 1936).
Rainfall characteristics and temperature regime seem to
provide sufficient information for continental-scale agro-
meteorological zonalization (Bouma 2005). The limiting
effect of solar radiation is less articulated in most of
Europe than that of rainfall or temperature. Differences
in the radiation intensity can therefore be expressed
through the above two factors and through terrain char-
acteristics (slope and its orientation).
Soil quality evaluation for biomass productivity was
therefore performed in a spatially explicit manner, tak-
ing the impact of the climatic component of soil prod-
uctivity into account. Climatic zonation based on the
35 climatic areas of Hartwich et al. (2005) served as
spatial units for soil productivity assessments on the
continental scale. Regrouping of the climatic areas was
performed to create climatic zones for soil quality as-
sessment (Figure 1).
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conditions might differ to a great extent. For forest land,
the length of the vegetative season and the soil water
balance, calculated based on potential evapotranspiration
(ETO; Penman 1948), were the aspects taken into con-
sideration for the evaluation of forest productivity.
Topographic data
A digital elevation model (DEM) was used to include a
topographic component in the land evaluation model.
The applied DEM was derived from the Shuttle Radar
Topography Mission (SRTM; Rabus et al. 2003), which
provided a dataset with a grid cell of 90 m.
Validation datasets
In order to address the scientific reliability of the devel-
oped biomass productivity models, a validation proced-
ure was applied using an independent dataset. A remote
sensing–derived productivity indicator was used to valid-
ate all three land use–specific soil productivity models
independently.
SPOT VEGETATIONa decadal data were used to de-
rive an approximation of biomass for the whole Euro-
pean continent. Data from the VEGETATION Program
are frequently used in global and continental studies that
supply input to General Circulation Models derived
from measurements of the land cover and of the sea-
sonal and long-term variations in vegetation dynamics.
Studies that address the effect of biosphere processes
and land cover characterization, the estimations of land
cover variables as well as their dynamics, and the quanti-
fication of the mechanisms by which vegetation cover
and ecosystems are interlinked all benefit from the
VEGETATION Program. The SPOT data were corrected
for system errors (misregistration of the different chan-
nels, calibration of all detectors along the line-array de-
tectors for each spectral band) and resampled to
geographic projections for multitemporal analysis as well
as for comparison with high resolution data. For the
present study, the 10-day synthesis or the maximum
Normalized Difference Vegetation Index (NDVI) com-
posite was used as is commonly accepted in the scien-
tific community.
The NDVI time series was smoothed in order to re-
move short peaks and drop-offs due to noise. This pre-
processing resulted in the reference time series from
which the first (January) and last (December) absolute
minimum values were derived for each year. The integral
surface under the NDVI curve defined by the first and
last minima of the year was derived and used as the ap-
proximation of net primary production (NPP; Figure 2).
Ten years of NPP values were averaged for each pixel,
and a final NPP dataset was produced (Figure 3). Many
studies have already discussed the use of the integralsurface of the annual NDVI time series curve as an ap-
proximation of aboveground biomass production (for an
overview see Hill et al. 2008; Hellden and Tottrup 2008).
In the present study the NPP dataset was used to valid-
ate the soil productivity model in a geographically expli-
cit manner.
For the raw material provisioning service, no valid-
ation datasets are available, therefore no similar valid-
ation was performed for this model.
Evaluation of soil provisioning functional capacities
Biomass production
The degree to which the soil carries out its biomass pro-
duction service was evaluated on the basis of soil properties
under prevailing climatic and topographical conditions.
Since productivity is a result of the interaction of soil, cli-
matic, and topographical conditions, these factors need to
be assessed in their complexity.
In addition to geophysical conditions, soil productivity
also depends on the type of land use. The assessment of
the European Environmental Agency (EEA 2006) shows
that the three major land use types dominating the land
cover of Europe are arable land with a share of 33%, pas-
tures and mosaics with a share of 23%, and forests with
a share of 29%. The aggregated share of these three types
of land uses sums up to 85% of the total land and fresh-
water surfaces of the 24 countries of Europe assessed by
the EEA (2006). Besides these major land use types,
there are a number of specific regionally characterized
land uses in Europe. There might also be considerable
differences in the land utilization within the main land
use types. However, for a continental-scale assessment
of biomass productivity, the productivity patterns were
evaluated according to the three major land use types.
Models were therefore developed to describe general
orders of soil productivity within the three land use
types, namely for pasture/grassland, cropland, and
forest.
Calculations were performed in a spatially explicit
manner, taking climatic and topographical conditions
into account. Productivity models were built to reflect
rain-fed conditions. The description of temporal variabil-
ity of productivity or the estimation of provision prod-
uctivity by means of actual yields was not among the
aims. Results are presented in land use–specific maps
(e.g., cropland productivity for areas of rain-fed arable
lands, forest biomass productivity for forest lands, and
grassland productivity for pastures and mosaics).
Biomass production on grasslands and arable lands
Productivity differences of similar soils under intensive
rain-fed agricultural use and under grassland land cover
vary with the changing availability of precipitation and
differences in temperature regimes. For instance, in a
Figure 1 Climate zones of the study.
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regime and balanced water availability of medium to
high amounts of precipitation not only secure plant-
available water on most soil types throughout the grow-
ing period but facilitate decomposition and weathering
throughout the year. These processes are limited under
temperate continental and Mediterranean climates
due to cold and/or arid periods in most years. Withincreasing aridity in prevailing climates, the importance
of soil physical and chemical properties in water and
nutrient supply to plants gains increasing significance.
Based on this principle of soil productivity processes,
ranking of inherent productivity of soil was performed
separately for the major climatic areas. While fertility is
defined as the ability of the soil to provide nutrients and
water, productivity refers to the capacity to supply nutrients
Figure 2 Schematic representation of gross annual biomass fraction (GABF) calculated from the NDVI time series for 1 year.
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quantity. Inherent productivity in this context means soil
productivity before human interference. In this study, inher-
ent soil fertility—in this context productivity—is considered
as a proxy for grassland productivity. Although the existence
of different nutrient inputs on grasslands in different regions
of the European Union is recognized, due to the lack of ad-
equate data, grassland fertilization and other management
factors were not taken into account. Cropland soil product-
ivity was evaluated by the extension of inherent productivity
with a management factor, as described below.
Grassland/pasture
In the first step of the evaluation process, eight charac-
teristic European climate systems were identified where
the complex effects of water availability and thermal re-
gime are distinct for soil processes and plant growth.
The 35 climatic areas of Europe (Hartwich et al. 2005) were
arranged into eight climatic groups accordingly (Figure 1).
The climatic groups comprise regions where the following
concepts of soil productivity processes prevail: boreal to
sub-boreal (CZ1), Atlantic (CZ2), sub-oceanic (CZ3), north-
ern sub-continental (CZ4), southern sub-continental, (CZ5),
Mediterranean semi-arid (CZ6), Mediterranean (temperate
and sub-oceanic) (CZ7), and temperate mountainous (CZ8).
Long-term average inherent soil productivity ratings were
assigned to soils of each region in a spatially explicit manner.
Temporally variably climatic hazards of productivity (frost,
water logging, etc.) were not taken into account in the
current study.
Inherent soil productivity estimates were derived from the
original taxonomic component (second-level taxonomic soil
units) and soil attribute information of the soil database.Second-level taxonomic soil units were grouped into five in-
herent capability classes according to their relative product-
ivity in each climatic zone. CZ1 includes 59 different soil
units, CZ2 has 113, CZ3 has 122, CZ4 has 117, CZ5 has
128, CZ6 has 96, CZ7 has 103, and CZ8 has 131. This ap-
proach allows productivity assessment of soil types at differ-
ent climatic regions. Table 2 provides an example of the
classification.
In parallel, STUs were also rated according to the avail-
able water capacities (AWC) of topsoil and subsoil. Ac-
cording to the pedotransfer rules of the PTRDB (EC 2003)
and based on physical soil properties and soil depth,
AWCs of both the topsoil and the subsoil were calculated.
Soils were grouped into four classes on the basis of the
water-storing capacity of the profile (Table 3).
In the next step of the productivity assessment, an evalu-
ation matrix was set up for the eight climatic regions and
the five inherent capability classes. Productivity scores
between 1 and 8 were assigned for each cell in the matrix,
based on the complex evaluation of the climate-dependent
relative inherent fertility of soils (Table 4).
Water-storing capacity classes (Table 3) were assigned
a multiplication factor between 0.75 and 1 for each
climate zone. These factors were used to multiply
the productivity scores of each soil unit of the climate
zones.
The position of soil units in the capability classification
matrix, productivity scores of capability classes by climate
zones, and multiplication factors to account for the water-
storing capacities by climate zones were first defined by ex-
pert judgment and then refined and completed through an
iterative analytical process with a series of cross validations
using regression analysis (GWR) with the validation dataset
Figure 3 Mean GABF derived from time series of SPOT VEGETATION NDVI images averaged over the time series 1999–2010 for Europe.
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process).
The result of this procedure is the soil productivity index
for each soil typological unit in the climate zones. The index
score 1 represents the poorest and 8 the highest productivity
soil. The corresponding inherent productivity scores were
assigned to each STU in the SGDBE. A spatially weighted
average of inherent productivity score was calculated for
each soil mapping unit on the basis of the proportional areal
shares of the STUs within the mapping units.Correction measures based on topographic conditions
were finally applied to arrive at the final evaluation
scores of inherent soil productivity. Correction coeffi-
cients of slope and aspects applied according to the D-e-
Meter land evaluation system (Tóth 2009) were adapted
for this continental-scale study.
Croplands
To evaluate the biomass productivity of soils under arable
cultivation, the model was extended with a new module.
Table 2 Examples of climate-zone-based productivity classification reference (10 soil units out of the total 128 present
in the southern sub-continental climate zone are displayed here)
Inherent capability classes (southern sub-continental climate)
V. IV. III. II. I.
Calcaric Lithosol Orthic Rendzina Gleyo-Dystric Luvisol Albic Luvisol Haplic Phaeozem
Gleyic Solonchak Gleyic Podzoluvisol Dystric Regosol Chromic Cambisol Luvic Chernozem
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and to the effect of management—mainly nutrient input—
the effect of fertilization was considered in this module.
While acknowledging the importance of the applied tech-
nology of soil use on the actual productivity of soil, de-
tailed distinctions of management practices were not
considered in this study. The goal of this study was solely
to determine soil productivity, i.e., the capacity of soil to
supply nutrients, water, and rooting medium for plants,
in a comparative manner and not to assess the effects
of management differences other than nutrient supply.
We also assume that in the case of the realization of bio-
mass productive capacity, technological advancement plays
a relatively insignificant role within distinct regions in Euro-
pean Union. However, in certain regions, where complex so-
cioeconomic and biophysical conditions diversify the
technological levels, this statement might not hold. The effi-
ciency of input use, i.e., the selection of the most appropriate
techniques and the amount of input, is largely determined
by biophysical conditions (e.g., large regional crop yield dif-
ferences within France (Eurostat 2013), are due to biophys-
ical differences rather than differences in available
technology, capital, or other socio-economic conditions).
However, the technological advancement and input intensity
of agriculture across regions in the European Union varies,
and this variation contributes to differences in crop yields.
It was not the goal of this study to evaluate all
management-related yield responses of soils, but rather,
to evaluate the effect of management, we considered the
influence of fertilization. To do this, second-level taxo-
nomic soil units were grouped into five classes in each









I. Very high Very high Deep
High Very high Deep
II. Medium High Deep
High Medium Deep
III. Medium Low Deep
High Very low Deep
IV. High Very low Shallow
Medium Low Shallowexpected productivity increase due to fertilization
(Table 5).
Then, a fertilizer response score was assigned to each
soil unit in the eight climatic zones. Soils with the largest
relative fertility increase received the maximum of 8
points and soils with little influence of fertilization
received 1 point. For example, an Albic Arenosol in the
sub-oceanic climate has among the highest relative
productivity increases when properly fertilized, while
fertilization has little effect on the crop productivity of
Calcaric Rendzinas in the Mediterranean.
To calculate soil productivity for the cropland land use
type, the inherent soil productivity and the fertilizer re-
sponse scores were aggregated, assigning a mechanical
weight to the fertilizer response indices. This weight re-
sulted in the best model fit at the end of an iterative statis-
tical validation process (see below for details of the
statistical validation). Spatially weighted averages of prod-
uctivity scores were calculated for the SMUs of the SGDBE.
In order to avoid the bias originating from the evaluation of
non-cropland soils, only those STUs were considered which
had cultivated land as the primary or secondary land use
type in the SGDBE. Finally, similarly to the concluding step
of the grassland productivity evaluation, correction coeffi-
cients were applied to evaluate the effect of the topography
(slope and aspect) on the productivity of cropland soils.
Biomass production on forest lands
The productivity of a forest, in terms of biomass, is the re-
sult of the interaction of tree species, soil, and climate. Eco-
system research has provided sufficient information about
key processes such as photosynthesis, transpiration, andTable 4 Productivity scores for the soil capability classes
by climatic zones
CZ1 CZ2 CZ3 CZ4 CZ5 CZ6 CZ7 CZ8 Score
8
I. II. I. I. I. 7
II. III. II. II. I. I. II. 6
III. IV. III. III. I. II. II. III. 5
IV. V. IV. IV. II. III. III. IV. 4
V. V. V. III. IV. IV. V. 3
IV. V. V. 2
V. 1
Table 5 Sample reference table for classifying the response of different soil types to fertilization on a climate zone
basis (10 of 128 soil units present in the southern sub-continental climate zone are shown here)
Fertilizer response classes (southern sub-continental climate)
V. IV. III. II. I.
Luvic Ranker Eutric Gleysol Calcaric Phaeozem Albic Luvisol Dystric Fluvisol
Cambic Rendzina Chromic Vertisol Dystric Podzoluvisol Calcic Cambisol Calcaric Cambisol
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models that predict properties such as biomass production,
soil carbon storage, and nitrogen cycling rates (e.g., Aber
et al. 1997; Parton et al. 1988; Raich et al. 1991; Running
and Gower 1991).
Several of these models are based on complex input data
sets, consisting of a series of climate, soil, and forest stand
data (i.e., maximum and minimum daily temperature,
vapor pressure, solar radiation, total monthly precipitation,
forest type, and plant-available soil water holding capacity).
The aim of this study, however, was to predict, in general
terms, the forest productivity potential of European soils.
For this purpose, two main processes related to forest
productivity were evaluated: the length of the vegetative
season and the soil water balance. The concept behind this
simplistic approach is that the net ecosystem productivity
(NEP) of a forest can be limited by two main factors: the
air temperature, which determines the length of the vegeta-
tive season, and the amount of water from soils that the
plants can evapo-transpire. Accordingly the northern lati-
tude forests will be limited by the relatively short vegetative
season, while the Mediterranean forests will be limited by
the relatively low water availability, which in turn is related
to both climate and soil characteristics.
The equation used for the calculation of forest prod-
uctivity is shown below:
Forest productivity ¼ SWBNx=SWBNmaxð Þ
 vegetative length
where SWBNx is the soil water balance normalized at a
given location (mm), SWBNmax is the maximum soil
water balance (mm), and vegetative length is the length
of the vegetative season (days). The soil water balance is
calculated as:
Σ Pi−ETPið Þ þ AWC mmð Þ
where Pi is monthly precipitation, ETPi is monthly po-
tential evapotranspiration (Kc =1), and AWC is the
available water content (mm).
The values obtained, ranging from 0 to 313, were
grouped into 10 equal classes. The output map was
masked based on the actual forest distribution as defined
by the CORINE Land Cover database.Results of all three productivity evaluations (grassland,
cropland, forest) were scaled to index scores ranging from
1 to 10 showing the relative fertility of soils expressed in
relative index values without units.
Provisioning raw materials
The evaluation of raw material availability from soil ori-
gin is limited to resources above the parent material.
The assessment included the following two options, with
the relevant criteria:
a) Peat (for horticultural and other applications) and
organic topsoil: All organic soils (Histosols) are
considered and no mineral soils are considered.
b) Soil materials for construction: To assess the quality
of soils to provide construction materials, the
approach presented in the Soil Atlas of Europe b was
applied, and the presence of sand and gravel was
examined for this function. Criteria:a. Coarse texture (clay < 18% and sand > 65%) and/or
b. Stones and gravel content are dominant in the
horizon (> 80% by volume)
In addition to the above construction materials, loamy
clay is often used to produce bricks and tiles. Although
the Soil Atlas of Europe does not consider these as
among the dominant soil-based construction materials,
their widespread usage could justify the inclusion of
loamy-clay (sub) soils in the analysis. However, the cur-
rently available continental soil databases contain no in-
formation on soil texture at this level of detail; therefore
such an analysis was not feasible at this time.
The evaluation did not account for any economic consid-
erations (i.e., only the availability of raw material was
assessed). Results are presented as the proportional availabil-
ity of these materials in the mapping units. For Cyprus, no
information on texture and stone and gravel content was
available and, therefore Cyprus was excluded from this
analysis.
Statistical validation
The geographically weighted regression (GWR) method
(Brunsdon et al. 1996; Fotheringham et al. 2002) was se-
lected to validate the model results against the measured
productivity indicators. The GWR method was selected
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in spatially explicit information. Spatial data are rarely
consistent due to random sampling variations, the differ-
ent relationships between variables across space, or
model misspecifications of reality (Fotheringham et al.
2002). However, the application of standard regression
methods to spatial data would result in the assumption
of the spatial phenomenon being constant over space.
GWR is a statistical technique that allows the model-
ing of processes that vary spatially. Consider the ordin-
ary least squares (OLS) regression model given by




where ei is the error term, a represents the vector of global
parameters to be estimated, x is a matrix of independent
variables and y represents a vector of observations on the
dependent variable.
GWR extends the traditional regression framework by
allowing local rather than global parameters to be esti-
mated. Thus the OLS regressions model is rewritten as:
yi ¼ a0 ui; við Þ þ
X
k
ak ui; við Þxik þ ei;
where (ui,vi) denotes the coordinates of the ith point in
space and ak(ui,vi) is a realization of the continuous
function ak(u,v) at point i (Brunsdon et al. 1996).
This extension allows measurements of a continuous
surface of parameters to be taken and to denote the
spatial variability of the surface because observed data
near point i have more of an influence in the estimation
than do data located farther from i. Thus GWR becomes
a weighted least squares regression where observations
are weighted in accordance with the proximity to point
i and the weight decreases with increasing distance from
with i.
The biomass productivity spatial datasets were divided—
both from our land evaluation exercise and from the satel-
lite observations—by land use, based on small regions for
special diagnoses (NUTS3; Eurostat 2011). Analyses of stat-
istical correlation between the datasets were performed
using the GWR method as described above.
Per pixel biomass values estimated from the land evalu-
ation exercise and from the satellite-based observations
were averaged within the regions of the NUTS3 dataset
(Eurostat 2011) for the countries of the European Union.
The GWR analysis was carried out separately for crop-
lands, grasslands and forests with the remote sensing–
derived biomass estimates as the dependent variable and
the land cover–specific biomass estimates as independent
variables. Each regression run was weighted by the num-
ber of pixels within the NUTS3 polygons.The result of the GWR model for croplands is valid with
a goodness of fit characterized by a coefficient of deter-
mination (adjusted r2) of 0.73. The adjusted r2 figure for
grassland is 0.85 and for forests 0.90. These results can be
considered as a confirmation of the validity of the soil
productivity evaluation approach.
Results and discussions
Grassland soil productivity map of the EU
The application of a geographically explicit spatial soil
grassland productivity model showed high consistency
with the data obtained from remote sensing (R2 = 0.85).
Based on the cumulative relative productivity indices,
the soils in the Atlantic climatic zone have the highest
potential for grassland production. They contribute
nearly half of the potential for the European Union
(44.6%), although only 38.4% of Europe’s grassland areas
are found in the Atlantic zone (Table 6). The zone prod-
uctivity factor of grassland soils in this climate zone is
1.2, indicating 20% higher relative productivity indices
on average when compared to the mean of the EU. In
contrast, grasslands of the semi-arid Mediterranean re-
gion have relative productivity indices that are 40%
lower than the average of the EU. Apart from the north-
ern sub-continental zone (zone productivity factor = 1),
all other zones have relative productivity indices for
grasslands that are lower than the average of the EU.
This fact indicates that, in most of the climatic zones
(CZ1, CZ3, CZ5, CZ6, CZ7, CZ8) of Europe, grassland
ecosystems are on soils of lower production potentials.
The dependency of productivity on climate was statisti-
cally significant at the continental scale. Up to an estimated
average of 60% of the grassland productivity differences be-
tween the most favorable (Atlantic) and least favorable
(Mediterranean semi-arid) regions of the EU can be attrib-
uted to climatic factors, as indicated by the differences in
mean productivity indices between the climatic zones and
standard deviations within the climatic zones (Table 6). The
influence of regional soil variability expressed as the stand-
ard deviations of the soil productivity indices might exceed
the figure attributed to the influence of climate between dif-
ferent climate zones. These results confirm the general un-
derstanding of the importance of water availability in soil
and the synergism between optimum temperature, water,
and nutrient regimes and also present these interdependen-
cies in a quantified manner in a spatial context.
Results of the inherent soil productivity evaluation are
shown in the grassland productivity map of the European
Union (Figure 4).
Cropland soil productivity map of the EU
A comparative analysis between modeled and remote
sensing–derived soil productivity indicators demonstrated
a significant climate dependency in the general pattern of




Area Productivity index Zone
productivity
factorc
km2 Percentage of EU Mean Standard dev Sum Percentage of totalb
Grassland
1 21,571 4.5 5.8 1.7 124,963 4.3 0.9
2 184,363 38.4 7.1 2.1 1,305,600 44.6 1.2
3 88,910 18.5 5.8 2.0 515,760 17.6 0.9
4 55,982 11.7 6.3 1.3 350,335 12.0 1.0
5 33,309 6.9 5.8 1.2 192,966 6.6 0.9
6 21,959 4.6 3.8 1.2 84,031 2.9 0.6
7 16,170 3.4 4.2 1.3 68,612 2.3 0.7
8 57,306 11.9 5.0 1.4 286,378 9.8 0.8
Cropland
1 32,458 2.4 6.1 1.0 198,645 2.5 1.0
2 308,693 23.0 7.1 1.3 2,189,030 27.6 1.2
3 170,655 12.7 5.7 1.6 974,337 12.3 1.0
4 337,121 25.1 6.2 1.1 2,099,960 26.5 1.1
5 175,914 13.1 5.8 1.0 1,013,880 12.8 1.0
6 174,171 13.0 4.0 1.2 698,184 8.8 0.7
7 109,687 8.2 5.0 1.2 545,528 6.9 0.8
8 35,101 2.6 5.7 1.3 198,537 2.5 1.0
Forest
1 531,907 30.9 2.3 0.8 1,202,780 19.2 0.6
2 120,702 7.0 5.0 1.7 606,879 9.7 1.4
3 233,015 13.5 4.8 1.2 1,111,580 17.8 1.3
4 276,591 16.1 3.3 0.8 923,848 14.8 0.9
5 86,110 5.0 4.5 1.1 385,547 6.2 1.2
6 113,045 6.6 4.1 1.1 460,481 7.4 1.1
7 151,472 8.8 4.8 1.5 731,081 11.7 1.3
8 207,675 12.1 4.0 1.2 836,053 13.4 1.1
a1: Boreal to sub-boreal, 2: Atlantic, 3: sub-oceanic, 4: sub-continental (northern), 5: sub-continental (southern), 6: Mediterranean (semi-arid), 7: Mediterranean (tem-
perate and sub-oceanic), 8: temperate mountainous. bExpressed in terms of productivity index. cZone productivity factor = % of total productivity indices/% of total
area in the EU (h = g/b).
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influence of soil type and soil properties was also verified.
Productivity showed a general trend of increasing in a
northward and westward direction, however, local soil quality
in most regions—except in the Mediterranean—can com-
pensate for the climatic “handicap” to a great extent. While
soils of the Atlantic region (CZ2), as was the case of the
grassland ecosystem, have the highest relative potential to
perform biomass provisioning ecosystem services in the
cropland agro-ecosystem, this relative advantage is not as
pronounced as in the case of grasslands (Table 6). In fact,
soils of the northern sub-continental zone (CZ4; with
25.1% of the croplands of the EU) also perform above the
EU average (zone productivity factor = 1.1), and another
four zones (CZ1, CZ3, CZ5, CZ8), with a total share of 31%from the croplands of the EU, have, in general, soil prod-
uctivity near the average of the continent (zone productivity
factor = 1; Table 6). Among these four zones, the sub-
oceanic zone (CZ3) possesses the highest intra-variability,
as indicated by the standard deviation of the productivity
assessment. Cropland soils of the Mediterranean (CZ7 and
CZ8) with a combined area share of 21.2% have substan-
tially lower rain-fed crop productivity compared to the EU’s
average, demonstrated by zone productivity factors of 0.8
and 0.7, respectively.
It is worth noting that irrigation can significantly increase
the productivity of soils in the Mediterranean and to some
extent also in the sub-continental region, where water is the
limiting factor for crop growth. However, to assess (actual
and potential) irrigated productivity of soil was out of
Figure 4 Soil biomass productivity of grasslands and pastures of the European Union.
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should be carried out to analyze this aspect as well.
Results of soil productivity evaluation for croplands of
the European Union are presented in Figure 5.
Forest soil productivity map of the EU
Forest productivity is essentially the expression of
the interaction between climate and soil factors. The prod-
uctivity of forest soils is a function of their ability to hold
and make water available to trees (available water capacity,AWC). Their nutrient status is also important. Available
water capacity is a function of the rooting depth and tex-
ture of soils.
A common measure, especially in United States, for
the evaluation of the collective influence of soil factors
on forest growth is the site index (SI). The most import-
ant factors determining the SI are the topsoil depth and
soil texture. The AWC parameter is strongly correlated
with soil depth and soil texture and consequently can
be used as a proxy of SI.
Figure 5 Soil biomass productivity of croplands in the European Union.
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the most evident at larger scales, while the influence of
soil can be detected mainly at more detailed scales. In
fact, zone productivity factors (Table 6) have the widest
range across the climate zones in Europe for forest land
among the three land use classes assessed. The zone
productivity factor is 1.4 for the Atlantic zone (CZ2), but
only 0.6 for sub-boreal to boreal climates. In general
terms, it is clear that climate is responsible for forest
productivity variation at the regional scale while soilcharacteristics cause local (i.e., at scales of 10–100 km2)
variations.
It is evident that in the northern areas the favorable
moisture conditions are negated to some extent by the
shorter length of the vegetative season, while in the
Mediterranean climate the length of the vegetative sea-
son is not a constraint and water availability during sum-
mer represents the most important limiting factor.
The soil parameter taken into consideration in the pro-
posed approach was the AWC, for which only three classes
Figure 6 Soil biomass productivity of forest areas in the European Union.
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http://www.ecologicalprocesses.com/content/2/1/32are available within the European Soil Geographic Database:
120, 165, and 220 mm. The effect of soil is evident at a local
scale, where it can result in a large variation in the absolute
values of soil productivity.
Continental-scale map of soil-extractable raw materials of
the EU
Raw material provisioning of the mapping units was calcu-
lated on the basis of the proportional shares of the STUs
with raw material content in the area of each mappingunit. Once again it is important to stress that geological
maps showing availability of materials worthwhile for hu-
man use that are present below the soil cover were not
considered in this assessment and might show a very dif-
ferent pattern. The result of the assessment is presented in
Figure 7.
It is well acknowledged that this first approximation to
highlight the availability of soil-born raw materials on the
continental scale might be biased (1) by the classification of
soil materials of human interest for excavation and (2) by
Figure 7 Raw material availability from soils of the European Union. a) organic soil material; b) soil material for constructions.
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However, the attempt to consider the main human activ-
ities that require materials of soil origin and to map the lo-
cations where those materials are available on a continental
scale provides new insight to this field of research.
These maps showing a continental overview can sug-
gest opportunities for raw material extraction from soil
which can serve current or future needs for a number of
applications, such as construction and the health indus-
try (soil organic matter). The maps show that northern
and north-eastern Europe have large stocks for both ap-
plications, while most other regions of the continent do
not have large reserves of soil organic matter but are
generally well suited for extraction of construction mate-
rials, with substantial intraregional differences.
The comparison of maps showing the raw material
availability of European soils (Figure 7) and productivity
of various land uses (Figures 4, 5, and 6) also proves the
need for separate assessment of the components of soil
quality. In general terms the geographic locations of the
most suitable zones for agriculture and for procuring
soil-borne materials are different. On the other hand,
there are more overlaps between prime areas of forest
lands and zones with potential to provide raw materials
from soil. While the first assumption is positive for re-
source use planning, the second highlights the dilemma
that land use planners usually face: the utilization of one
service of the land might negatively influence another
utilization option. With the evaluation of other soil func-
tions and ecosystem services, the level of complexity for
decision-making increases.Conclusions
A coherent view of soils requires an expansion of the con-
ventional thinking about the role of soils and consideration
of soils in a multidimensional perspective in the context of
sustainable development including the utilization of soil-
based ecosystem services. Conscious utilization of soil
ecosystem services can only be achieved on the basis of a
proper accounting.
In this study, an assessment of soil functions in relation
to ecosystem services was carried out for a continental-
scale overview of the EU. A coherent system of soil
function-based ecosystem services was devised, taking into
account the major soil functions as identified in the Soil
Thematic Strategy.
In this attempt to characterize soil ecosystem services for
the EU in a spatially explicit manner, new data on soil-based
provisioning ecosystem services were produced, including
productivity and raw material availability. Results show that
up to an average of 60% of grassland productivity differences
can be attributed to climatic factors between the most
favorable (Atlantic) and least favorable (semi-arid Mediterra-
nean) regions of the EU. While crop productivity shows a
general trend toward increasing in a northward and west-
ward direction, local soil quality in most regions—except in
the Mediterranean—can compensate for climatic handicaps
to a great extent. The attempts to address the main human
activities requiring materials of soil origin and to map the
locations where those materials are available on a continen-
tal scale provide new insight to this field of research.
The comparison of areas with potential for providing
ecosystem services by individual soil functions highlights
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but also the possibilities for optimization and more con-
scious management.
With the evolution of time-series soil data based on
monitoring, the increase in spatial precision of soil infor-
mation, and the introduction of dynamic components to
the models, comparative assessment of soil functions can
be a valuable tool for decision-making in the future across




bThe Soil Atlas of Europe states: “Sand and gravel are
the most accessible basic raw materials for the construc-
tion industry and are used as concrete aggregates, road
base, mixed with bitumen for road surfaces, construction
fill, snow and ice control (gritting), railroad ballast, roof-
ing granules and water filtration systems.”
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